Members of the MILDEW RESISTANCE LOCUS O (MLO) gene family confer susceptibility to powdery mildews in different plant species, and their existence therefore seems to be disadvantageous for the plant. We recognized that expression of the Arabidopsis MLO2 gene is induced after inoculation with the bacterial pathogen Pseudomonas syringae, promoted by salicylic acid (SA) signaling, and systemically enhanced in the foliage of plants exhibiting systemic acquired resistance (SAR). Importantly, distinct mlo2 mutant lines were unable to systemically increase resistance to bacterial infection after inoculation with P. syringae, indicating that the function of MLO2 is necessary for biologically induced SAR in Arabidopsis. Our data also suggest that the close homolog MLO6 has a supportive but less critical role in SAR. In contrast to SAR, basal resistance to bacterial infection was not affected in mlo2. Remarkably, SAR-defective mlo2 mutants were still competent in systemically increasing the levels of the SAR-activating metabolites pipecolic acid (Pip) and SA after inoculation, and to enhance SAR-related gene expression in distal plant parts. Furthermore, although MLO2 was not required for SA-or Pip-inducible defense gene expression, it was essential for the proper induction of disease resistance by both SAR signals. We conclude that MLO2 acts as a critical downstream component in the execution of SAR to bacterial infection, being required for the translation of elevated defense responses into disease resistance. Moreover, our data suggest a function for MLO2 in the activation of plant defense priming during challenge by P. syringae.
INTRODUCTION
Recessive loss-of-function mutations of the Hordeum vulgare (barley) Mildew resistance locus o (Mlo) gene result in resistance to virtually all isolates of barley powdery mildew pathogens by restricting fungal penetration at the cell wall (Jørgensen, 1992; B€ uschges et al., 1997; Piffanelli et al., 2002) . Similar mlo mutations that mediate mildew resistance have been described for many other plant species, including Arabidopsis thaliana (Consonni et al., 2006) , Solanum lycopersicum (tomato; Bai et al., 2008) , and Pisum sativum (pea; Humphry et al., 2011; Pavan et al., 2011) . MLO genes have thus been considered as plant susceptibility factors to powdery mildew infection.
The MLO gene family is ubiquitously present in the plant kingdom. The Arabidopsis genome contains fifteen MLO genes with significant sequence homology to barley Mlo (Devoto et al., 2003; Kusch et al., 2016) . Among different Arabidopsis mlo alleles, only the loss-of-function mlo2 confers partial resistance to adapted and nonadapted powdery mildew species. A complete resistance that restricts fungal development at the host cell entry level is observed when the closely related homologs MLO6 and MLO12 are disrupted in addition to MLO2. This suggests partial redundancy among these three Arabidopsis homologs in mediating susceptibility to powdery mildews, with a predominant role for MLO2 (Consonni et al., 2006) .
As yet, the biochemical activities of MLO proteins, their physiological roles, and their interplay with the plant immune system are not well understood (Acevedo-Garcia et al., 2014) . The linkage of functional MLO with susceptibility to powdery mildew fungi and observations that mlo loss-of-function mutants spontaneously form callose-containing cell wall fortifications (papillae), as well as hypersensitive cell death of leaf mesophyll cells, suggest negative modulatory roles for MLO proteins in plant immunity (Wolter et al., 1993; Peterh€ ansel et al., 1997) .
An integral part of the plant immune system is systemic acquired resistance (SAR), an inducible immune response that is initiated by a localized inoculation of leaves with virulent or avirulent pathogens (Mishina and Zeier, 2007) . Plants with activated SAR exhibit enhanced resistance in the entire shoot against infection with many biotrophic and hemibiotrophic phytopathogens (Fu and Dong, 2013) . SAR induced in Arabidopsis by the bacterial pathogen Pseudomonas syringae is accompanied by a strong systemic transcriptional response that includes the upregulation of genes involved in multiple stages of defense signaling, the enhanced expression of pathogenesisrelated (PR) genes, and the downregulation of photosynthetic and growth-related genes (Gruner et al., 2013; Bernsdorff et al., 2016) . In addition, SAR-activated plants are primed to more effectively respond to future infections. SAR-associated priming is manifested by a faster and more pronounced induction of defense-related gene expression and defense-metabolite accumulation upon pathogen challenge (Jung et al., 2009; N avarov a et al., 2012) .
Studies on the Arabidopsis-Pseudomonas syringae model pathosystem and on other plant-pathogen interactions have uncovered several SAR-essential components, and demonstrate that the establishment of SAR is under metabolic, transcriptional and environmental control (Shah and Zeier, 2013) . In P. syringae-inoculated Arabidopsis plants, salicylic acid (SA) and pipecolic acid (Pip) accumulate in both inoculated and non-inoculated distal leaves to activate SAR (N avarov a et al., 2012; Bernsdorff et al., 2016) . Pip is biosynthesized in dependence of AGD2-LIKE DEFENSE RESPONSE PROTEIN 1 (ALD1), a defense gene upregulated systemically in the foliage upon localized leaf inoculation (Song et al., 2004; N avarov a et al., 2012) . ALD1 functions as an L-Lys a-aminotransferase and converts L-Lys to the cyclic, unsaturated intermediate 2,3-dehydropipecolic acid, which is in turn reduced to Pip by SAR-DEFICIENT 4 (SARD4) and a further reductase activity (Ding et al., 2016; Hartmann et al., 2017) . Pip exerts its SAR-activating capacity in dependence of the essential SAR player FLAVIN-DEPENDENT-MONOOXYGENASE 1 (FMO1), which is systemically expressed in SAR-induced plants (Mishina and Zeier, 2006; N avarov a et al., 2012) .
Upon pathogen inoculation, Arabidopsis synthesizes SA via ISOCHORISMATE SYNTHASE 1 (ICS1) from chorismate (Wildermuth et al., 2001) , and ics1 (salicylic acid induction-deficient 2, sid2) knock-out mutants are both unable to accumulate SA in response to biotic stress and compromised in SAR (Nawrath and M etraux, 1999; Attaran et al., 2009) . Recent findings from our laboratory indicate that Pip induces SAR via a major SA-dependent activation pathway and a minor SA-independent activation pathway . This is illustrated by the full absence of the normally observed transcriptional SAR response in ald1 and fmo1 mutants, and by a strongly diminished but not fully abrogated response in sid2 (Gruner et al., 2013; Bernsdorff et al., 2016) . The two central SAR-regulatory metabolites Pip and SA act synergistically with respect to the induction of PR gene expression, but also trigger separate signaling pathways that can function independently from each other .
Both Pip-and SA-initiated signaling require functional NON-EXPRESSOR OF PATHOGENESIS-RELATED GENES 1 (NPR1) to trigger SAR (N avarov a et al., 2012; Fu and Dong, 2013) . In the course of SAR induction, the transcriptional co-activator NPR1 is imported into the nucleus after reductive monomerization and phosphorylation by SNF1-RELATED PROTEIN KINASE 2.8. NPR1 then drives the expression of a battery of defense-related genes (Mou et al., 2003; Wang et al., 2005; Lee et al., 2015) . Both NPR1 and the paralogs NPR3 and NPR4 have been identified as SA-binding receptors (Fu et al., 2012; Wu et al., 2012) .
In addition, PHYTOALEXIN-DEFICIENT 4 (PAD4) and ENHANCED DISEASE SUSCEPTIBILITY 1 (EDS1) are required for both basal immunity and proper SAR in Arabidopsis (Mishina and Zeier, 2006; Rietz et al., 2011; Breitenbach et al., 2014) . PAD4 positively influences the expression of up-and downstream genes of both the Pipand the SA-signaling pathway (Jirage et al., 1999; Song et al., 2004; Bartsch et al., 2006; N avarov a et al., 2012; Bernsdorff et al., 2016; Hartmann et al., 2018) . Another critical SAR constituent is Mediator subunit 16 (MED16), which is required for the induction of defense-related gene expression downstream of SA accumulation . Eventually, monoterpenes have been proposed to support systemic immunity within and between Arabidopsis plants (Riedlmeier et al., 2017) .
In the present study, we identify MLO2 as an essential component of the SAR-regulatory network in Arabidopsis. We show that distinct mlo2 mutant alleles are fully incompetent in inducing SAR to P. syringae challenge, and show defects in the priming response during SAR establishment, whereas basal resistance to P. syringae remains unaffected. Remarkably, albeit SAR-defective and compromised in SA-and Pip-induced immunity to P. syringae, mlo2 mutants are competent to systemically elevate Pip and SA levels upon local inoculations, and to systemically trigger SAR-related as well as SA-and Pipmediated gene expression. This indicates that MLO2 functions in the SAR signal transduction pathway downstream of both systemic immune metabolite generation and defense-related gene expression.
RESULTS
Previous genome-wide microarray and RNA-seq analyses revealed a large set of genes possessing an altered expression in untreated distal (2°) leaves of Arabidopsis Columbia-0 (Col-0) plants that were SAR induced by a localized inoculation of primary (1°) leaves with P. syringae pv. maculicola (Psm; Gruner et al., 2013; Bernsdorff et al., 2016) . In these studies, genes with a consistent systemic upregulation upon Psm-induced SAR were designated as SAR + genes. From the classified SAR + genes, we selected a variety of candidate genes to examine their possible function in SAR. To this end, we identified homozygous T-DNA insertion lines with mutational defects in 14 selected SAR + candidate genes according to the PCR-based method of Alonso et al. (2003) (Table S1 ).
MLO2 is critical for SAR in Arabidopsis
We tested Arabidopsis T-DNA insertion mutants defective in the candidate genes for their ability to establish SAR. Therefore, three lower (1°) leaves of 5-week-old, short-daygrown plants were inoculated with Psm suspensions of optical density at 600 nm (OD 600 ) of 0.005 to induce SAR, or treated with a 10 mM MgCl 2 solution to obtain noninduced mock-control plants (Mishina and Zeier, 2007) . Under these conditions, Psm induces SAR between days 1 and 2 post inoculation, and systemic defense responses remain activated until at least day 4 post inoculation (Mishina et al., 2008; N avarov a et al., 2012; Hartmann et al., 2017) . Two days after the treatment of 1°leaves, the establishment of SAR was scored by challenging three upper (2°) leaves of both pathogen-and mock-pretreated plants with a virulent Psm strain expressing the luxCDABE operon from Photorhabdus luminescens (Psm lux; at an OD 600 of 0.001) (Fan et al., 2008) . The use of Psm lux allowed for a rapid quantification of bacterial growth via bacterial bioluminescence, which was assessed 2.5 days after the challenge infection in the 2°leaves (Hartmann et al., 2017) . The reduction of P. syringae growth in 2°leaves as a result of the inoculation of 1°leaves is a quantitative measure of SAR (Mishina and Zeier, 2007 Figure S1 ; Fan et al., 2008) .
In assays with the selected T-DNA insertion lines, 17 out of the 18 examined lines showed a wild-type-like competence in inducing SAR; however, one mutant line, Salk_050191, suffered from a complete loss of the SAR response (Table S1 ). The Salk_050191 line carries a T-DNA insertion in exon 14 of the Arabidopsis MLO2 gene, and was previously termed mlo2-6 (Consonni et al., 2006) . The mlo2-6 knock-out mutant was not only incompetent in activating SAR upon inoculation with the virulent Psm strain, but also when the avirulent, hypersensitive response-inducing Psm avrRpm1 strain was used for induction (Figure 1a, b) . Although inoculation of 1°leaves of Col-0 plants with P. syringae limited Psm lux growth in infected 2°leaves by about 20-fold, compared with growth in mock-treated plants, no growth reduction was observed in mlo2-6 plants (Figures 1a, c and S1b) . In addition to mlo2-6, two other lines with defective MLO2 alleles, mlo2-5 and mlo2-11 (Consonni et al., 2006) , were also fully incompetent in inducing SAR (Figure 1c ). These results indicate that intact Arabidopsis MLO2 is critical for SAR to P. syringae challenge.
In the context of powdery mildew pathogenesis, partially redundant functions have been described for Arabidopsis MLO2, MLO6, and MLO12 (Consonni et al., 2006) . Therefore, we examined the significance of MLO6 and MLO12 for SAR activation in comparison with MLO2. Whereas mlo12 mutants showed a wild-type-like SAR upon Psm inoculation, an attenuated SAR response was observed for mlo6 ( Figure 1d ). Moreover, like mlo2 single mutants, a mlo2 mlo6 mlo12 triple mutant was fully compromised in Figure 1 . Systemic acquired resistance is fully compromised in Arabidopsis mlo2 mutants and is attenuated in mlo6 mutants. (a) Systemic acquired resistance (SAR) assay with Col-0 and mlo2-6 plants. Three lower (1°) leaves were infiltrated with 10 mM MgCl 2 , Psm (OD 600 = 0.005) or Psm avrRpm1 (OD 600 = 0.005). Two days later, three upper leaves (2°) were challenge-infected with Psm lux (OD 600 = 0.001). The growth of bioluminescent Psm lux in upper leaves was assessed 2.5 days after 2°leaf inoculation by luminescence and expressed as relative light units (rlu) per cm 2 leaf area. Data represent the means AE SDs of the growth values of 18 leaf replicates from six different plants. Different letters above the bars denote statistically significant differences (P < 0.001, ANOVA and post-hoc Tukey's HSD test). (b) Disease symptoms of Col-0 and mlo2-6 plants challenge-infected with Psm lux at 2.5 days post 2°leaf infection. Arrowheads denote challenged 2°leaves. The 1°leaf treatment was performed with MgCl 2 (control; left) or Psm (SAR induction; right). (c) SAR assay using Psm as the inducing pathogen on Col-0, mlo2-6, mlo2-5 and mlo2-11 plants. Details are as described in (a). The results were confirmed in three independent experiments. (d) Full and partial SAR defects of mlo2 and mlo6 plants, respectively. SAR assays were performed and analysed as described in Figure 1 . Data represent the means AE SDs of the growth values of at least 18 leaf replicates from six or seven different plants. Different letters above the bars denote statistically significant differences (P < 0.005, ANOVA and post-hoc Tukey's HSD test). The results were confirmed in two independent experiments. (e) Basal resistance of wild-type Col-0 and mlo2, mlo6 and mlo12 mutant lines. Naive plants (three leaves each) were infected with Psm lux (OD 600 = 0.001), and bacterial growth was assessed 2.5 days later by luminescence, as described in (a). Statistically significant differences (P < 0.05) between genotypes were not detected (n ≥ 18; ANOVA and post-hoc Tukey's HSD test). The results were confirmed in two independent experiments. Figure 1d ). These findings indicate that, besides the essential function of MLO2 for SAR, MLO6 possesses an auxiliary role that is necessary for full SAR activation, but is not absolutely critical for the process. Several Arabidopsis genes with a central function in SAR, for example PAD4, ICS1 or NPR1, are also critical components of basal immunity, which alleviates the susceptibility of naive plants towards infection by virulent pathogens (Cao et al., 1997; Glazebrook et al., 1997; Wildermuth et al., 2001; Mishina and Zeier, 2006) . We thus examined whether mlo2, mlo6 and mlo12 mutations would influence basal resistance to compatible P. syringae. For this purpose, leaves of naive Col-0 wild-type and mlo mutant plants were inoculated with Psm lux and bacterial growth was assessed 2.5 days later. Neither the three allelic mlo2 mutants, mlo2-5, mlo2-6 and mlo2-11, nor mlo6 or mlo12 were significantly altered in basal resistance to Psm lux (Figure 1e ). These findings indicate that functional MLO2 is specifically required for the activation of SAR but dispensable for basal resistance to P. syringae.
MLO2 expression is systemically induced in SAR-activated plants and positively influenced by SA signaling
We next examined the expression characteristics of MLO2 upon SAR activation with P. syringae in wild-type Col-0 plants by quantitative real-time PCR (qPCR) analysis. In leaves treated with either Psm or Psm avrRpm1, MLO2 expression markedly increased from about 16 h post inoculation (hpi) onwards. Moreover, elevated MLO2 transcript levels were also detected in untreated 2°leaves 48 h after 1°leaves had been inoculated with either P. syringae strain (Figure 2a) , which timely coincides with activated SAR (N avarov a et al., 2012) . In line with our previous microarray and RNAseq analyses (Gruner et al., 2013; Bernsdorff et al., 2016) , this indicates that MLO2 gene expression is systemically induced in the foliage of SAR-activated plants. We also examined MLO2 expression patterns in the SARcompromised ald1, fmo1, sid2, npr1 and pad4 mutant plants. In Psm-inoculated 1°leaves, MLO2 expression was attenuated in the SA pathway-defective sid2 and npr1 mutants, and in the pad4 mutant, but was similar to that in the wild type in the ald1 and fmo1 mutants defective in Pip biosynthesis and signaling, respectively (Figure 2b ). By contrast, the systemic induction of MLO2 expression was absent in all the SAR-compromised mutant lines under investigation, including ald1 and fmo1 (Figure 2c ). In addition, coronatine-insensitive 1 (coi1) plants that are insensitive to the plant stress hormone jasmonic acid were able to induce MLO2 expression in a significant manner in both inoculated 1°and distant 2°leaves in response to Psm (Figure 2b, c) . These findings indicate that P. syringae-triggered MLO2 expression is promoted by SA signaling, and is systemically induced in the foliage of SAR-competent plants but not in SAR-defective plants.
mlo2 defects do not impair the induction of local and systemic defense responses, but are associated with deregulated defense signaling As a next step, we tested whether inducible immune responses normally associated with SAR would be affected in SAR-defective mlo2 mutants. At inoculation sites, mlo2 was able to strongly induce the biosynthesis of the SAR-associated metabolites SA and Pip, and of the indolic phytoalexin camalexin. At 24 hpi, free and glycosidically-bound SA accumulated to even higher levels in mlo2 than in the Col-0 wild type (Figure 3a, b) . In addition, expression of the SAR-related genes ALD1, FMO1, ICS1, PAD4 and PR1 was significantly induced in P. syringae-inoculated leaves of both Col-0 and mlo2 plants ( Figure S2 ). Notably, the basal levels (i.e. the levels in mock-treated leaves) of total SA (sum of free and glycosidically-bound SA), Pip and camalexin, as well as the transcripts of several defense-related genes, were already increased in the mlo2 background (Figures 3 and S2 ). Elevated levels of Pip, total SA and camalexin in mock-control plants and the hyper-accumulation of total SA following Psm inoculation were also detected in the mlo6 mutant ( Figure 3 ). These tendencies were lower in mlo12 mutants, in which a wild-type-like Psm-triggered accumulation of defense metabolites and elevated levels of Pip and camalexin, but not of SA, were found, compared with mock-treated plants ( Figure 3) .
A hallmark of SAR in Arabidopsis is the accumulation of Pip and SA, and increases in transcript levels of defenserelated genes in leaves distal to the site of pathogen attack. Many SAR-impaired mutant lines, such as ald1, fmo1, sid2, pad4 and npr1, totally lack or are severely compromised in these systemic defense responses (Song et al., 2004; Mishina and Zeier, 2006; Attaran et al., 2009; N avarov a et al., 2012; Gruner et al., 2013; Bernsdorff et al., 2016) . We thus examined whether pathogen-induced systemic increases of defense metabolites and defense-related gene expression would also be impaired in SAR-defective mlo2. Quite unexpectedly, Psm-inoculation of 1°leaves resulted in an accumulation of Pip and SA in the untreated 2°leaves of mlo2 mutants. The systemic accumulation of Pip and free SA was quantitatively even higher in the mlo2 background than in the wild type ( Figure 4a ). Furthermore, basal levels of Pip, free SA and total SA were already elevated in mocktreated mlo2 mutants. Pathogen-induced hyper-accumulation of Pip and free SA was also detected in mlo6 and mlo12; however, the basal levels of these two metabolites in mlo6 and mlo12 were closer to wild-type levels than those of mlo2 ( Figure 4a ).
As elevations in defense-related metabolites were detected in both 1°and 2°leaves of mock-infiltrated mlo2 mutants, we also analyzed the metabolite levels in leaves of untreated, naive plants. Similar to the findings in mock-treated mlo2, the levels of SA, Pip and camalexin in leaves of naive mlo2 mutants were increased compared with the wild type ( Figure S3 ). Remarkably, the basal increases in defense-related metabolites of naive or mock-control mlo2 plants were often associated with unusually high variations between individual leaf samples within one experimental batch of plants. Quantitative differences also existed between the extents of metabolite enrichments in different experiments. Moreover, the elevations in the basal levels of Pip were generally higher than those in SA or camalexin (Figures 3, 4a and S3) .
Similar to the observed systemic increases of Pip and SA levels, the systemic expression of SAR-related genes was also significantly induced in mlo2 mutants locally inoculated with Psm. Systemically induced expression of the SAR-essential genes ALD1, FMO1, ICS1 and PAD4 in mlo2 mutants reached wild-type-like levels ( Figure 4b ). Similarly, transcript levels of the SA-inducible PR1 gene were also systemically elevated in both Col-0 and mlo2 plants following Psm inoculation of 1°leaves ( Figure 4b ). Reminiscent of the observed basal elevations in metabolite contents, already higher transcript levels of defense-related genes were detected in mock-control and naive mlo2 mutants (Figures 4b, S2 and S4) .
Together, our findings show that the SAR defect in mlo2 is not associated with incompetence in the pathogen-inducible systemic activation of typical SAR-associated defense responses, such as the accumulation of metabolic signals (Pip and SA), and the expression of defense-related genes. Moreover, to varying degrees, mlo2 contained elevated basal levels of defense metabolites and gene transcripts, suggesting that the regulation of defense signaling is disorganized in these mutants. Notably, neither was the systemic induction of defense responses in pathogen-inoculated mlo2 associated with SAR activation, nor were the elevated basal defenses in mlo2 accompanied with enhanced basal resistance to P. syringae (Figure 1 ). These data suggest that MLO2 possesses a function in resistance induction that is located both downstream of immune metabolite generation and of the activation of defense-related gene expression. MLO2 is not required for SA-inducible PR1 expression, but is essential for SA-mediated resistance induction
Transcriptome analyses using SA-deficient sid2 mutants indicate that pathogen-triggered SA elevations are causative for the expression of a battery of defense-related genes (Wang et al., 2008; Bernsdorff et al., 2016) . Moreover, exogenously applied SA triggers SA-inducible gene expression in plants, and confers enhanced resistance towards infection by several (hemi-)biotrophic phytopathogens (Delaney et al., 1995; Thibaud-Nissen et al., 2006; Vlot et al., 2009) . A typical SA-inducible gene widely used as a marker for activated SA signaling is PR1 (Delaney et al., 1995). We applied a previously established protocol to directly test whether MLO2 is required for SA-inducible PR1 expression . To this end, leaves of Col-0 wild-type plants and mlo2 mutants were infiltrated with SA solutions of different concentrations, and PR1 transcript levels were determined 4 h later.
For both Col-0 and mlo2, significant PR1 transcript accumulation was detected in leaves supplemented with 0.2 mM SA, and PR1 expression was further increased in both genotypes when 0.5 mM SA was applied. Finally, 1 mM SA led to the highest increases in PR1 transcript levels recorded in the assay. PR1 expression after the application of 1 mM SA had a tendency to be higher in mlo2 than in the wild type (Figure 5a ). Induction of PR1 expression by exogenous SA application was also observed in SA-deficient sid2 but not in SA perceptiondefective npr1 mutants. Further, PR1 expression was not induced in a mlo2 npr1 double mutant (Figure 5b ). Together, these findings indicate that, unlike NPR1, MLO2 is not required to translate elevated SA levels into enhanced PR1 gene expression. We next analyzed resistance induction by exogenous SA in the above-employed Arabidopsis lines. Pre-treatment of leaves with 0.5 mM SA triggered a strong enhancement of (a) Levels of free salicylic acid (SA), total salicylic acid and pipecolic acid (Pip) in non-treated distant (2°) leaves of wild-type Col-0, mlo2-6, mlo6-2 and mlo12-1 at 48 h post inoculation of 1°leaves with Psm or infiltration with 10 mM MgCl 2 . Details are as described in Figure 3 .
(b) Relative expression of the defense-related genes ICS1, PR1, PAD4, ALD1 and FMO1 in distant (2°) leaves at 48 h post Psm-or MgCl 2 -treatment of 1°leaves of wild-type Col-0, mlo2-6, mlo6-2 and mlo12-1. Details are as described in Figure 2b . The results were confirmed in an independent experiment. [Colour figure can be viewed at wileyonlinelibrary.com].
the resistance to subsequent virulent Psm lux infection in the Col-0 wild type, as displayed by a reduced bacterial growth of about 10-fold compared with mock-control treatments at 2.5 dpi (Figure 5c ). In line with our own and other previous results (Delaney et al., 1995; Cao et al., 1997; Bernsdorff et al., 2016) , pre-treatment with SA triggered a significant but attenuated resistance response in the SAdeficient sid2 mutant (about 2.5-fold growth reduction), and no increase in resistance was established in npr1 following exogenous treatment with SA ( Figure 5c ). Notably, resistance induction by exogenous SA was fully impaired in mlo2, and the same was true for mlo2 npr1. Therefore, like NPR1, MLO2 is required for the induction of disease resistance by elevated SA. The combination of the ability of mlo2 to induce SA-mediated PR gene expression with its inability to realize SA-triggered resistance induction is remarkable, and distinguishes mlo2 from npr1, which is impaired in both responses. Together, these data strengthen the above given conclusion that MLO2 acts downstream of the induction of defense gene expression in the activation of disease resistance.
The mlo2 mutant is able to achieve strong Pip-inducible defense gene expression, but is compromised in Pipinduced resistance Bernsdorff et al., 2016) . This response was largely dependent on inducible SA biosynthesis and required NPR1, because PR1 induction was strongly impaired in sid2 mutants and fully absent in npr1 (Figure 6a) . A similar tendency was observed for Pip-inducible ALD1 expression (Figure 6b) . Notably, in mlo2, exogenous Pip triggered strong PR1 and ALD1 transcript accumulation, which was quantitatively even higher than that in the Col-0 wild type (Figure 6a, b) . By contrast, Pip-induced expression of PR1 and ALD1 was completely absent in the mlo2 npr1 double mutant (Figure 6a, b) . Therefore, the direct induction of defense gene expression by elevated Pip, which proceeds via NPR1, does not require MLO2. In fact, intact MLO2 even exerts a negative influence on Pip-inducible defense gene expression.
We then examined whether Pip-induced resistance to P. syringae would depend on MLO2. In the Col-0 wild type, pre-treatment with 10 lmol Pip led to a reduction of Relative expression of PR1 in leaves of Col-0, sid2, mlo2-11, npr1 and mlo2-11 npr1 infiltrated with water (mock) or with 0.5 mM salicylic acid solution at 4 h post treatment. Details are as described in Figure 2b . (c) Resistance induction towards P. syringae infection by exogenous SA. A 0.5 mM SA solution or water (mock) was infiltrated into three leaves of Col-0, sid2, mlo2-11, npr1 and mlo2-11 npr1 plants; 4 h later, the same leaves were inoculated with Psm lux, and bacterial growth was assessed 2.5 days later, as described in Psm lux growth in leaves of up to 15-to 20-fold compared with control plants at 2.5 dpi in different experiments (Figure 6c, d ). Comparatively, sid2 mutants only triggered a moderate 2.5-fold growth reduction and npr1 failed to significantly induce resistance at all upon pre-treatment with Pip ( Figure 6d ). Moreover, different mlo2 lines were attenuated in the Pip-inducible resistance response. In a first experiment, no significant induction of resistance was detected for mlo2-6 and mlo2-11, and a weak induction of resistance was observed for mlo2-5 (bacterial growth restricted by a factor of 2.5 compared with a factor of 15 in the wild type; Figure 6c ). In a second experiment, exogenous Pip triggered a more pronounced but also significantly attenuated resistance response in mlo2-11 (with a 5-fold reduction of bacterial growth in the mutant compared with an 18-fold reduction in Col-0; Figure 6d ). In a third experiment, mlo2-6 exhibited no significant Pipinduced resistance after applying 10 lmol Pip, and a small response after the application of 30 lmol Pip (with a 2-fold reduction of bacterial growth), whereas the wild type showed a markedly stronger induction of resistance (with a 13-and 25-fold reduction in growth for 10 and 30 lmol Pip, respectively; Figure S5 ). Therefore, a strong overall dependency of Pip-induced resistance on MLO2 was observed, although the stringency of this dependence exhibited some variability between experiments. The residual Pip-induced resistance response in mlo2 was abolished in the npr1 background (Figure 6d ). In summary, the tendencies observed for mlo2 regarding Pip-inducible responses paralleled the findings for SA-inducible and P. syringae-triggered SAR responses. Whereas intact MLO2 was not required for Pip-induced defense gene expression (and even exerted a negative influence), it was needed for the proper execution of Pip-induced resistance. This again points to an important function of MLO2 downstream of defense gene expression in the induction of disease resistance.
MLO2 is essential for the establishment of a primed state following P. syringae inoculation Systemic acquired resistance (SAR) primes plants for enhanced defense activation during subsequent infections in a Pip-and FMO1-dependent manner (N avarov a et al., 2012; Bernsdorff et al., 2016). We thus examined a possible involvement of MLO2 in Arabidopsis defense priming. To this end, 1°leaves of plants were inoculated with Psm or treated with mock solution. Two days later, distal 2°leaves were either challenge-infected with Psm or mock-infiltrated. The magnitude of different defense responses upon these four treatment cases was finally determined at 10 h after the treatment of 2°leaves, and priming was assessed according to a previously established approach ( Figure 7 ; Table S2 ; Bernsdorff et al., 2016) . In line with our previous findings (N avarov a et al., 2012; Bernsdorff et al., 2016) , the inoculation of 1°leaves with P. syringae systemically primed Col-0 wild-type plants for the amplified expression of various defense genes, such as PR1, ACIREDUCTONE DIOXYGENASE 3 (ARD3), ALD1, FMO1, and SENESCENCE-ASSOCIATED GENE 13 (SAG13) during 2°challenge infection (Figure 7a) , and also for an intensified accumulation of camalexin (Figure 7b ). By contrast, mlo2 mutant plants lacked these traits and failed to prime most of the defense responses investigated (Figure 7 ). An exception was FMO1, the expression of which was significantly primed in mlo2, although markedly lower than in Col-0 (Figure 7a) . Together, this indicates that the priming of P. syringae-triggered defense responses is severely compromised in mlo2 mutant plants, suggesting a role for MLO2 in the Arabidopsis defense-priming phenomenon.
DISCUSSION
Members of the MLO gene family in different mono-and dicotyledonous plant species are well characterized with respect to their feature of conferring susceptibility to powdery mildews (Jørgensen, 1992 (Chen et al., 2009; Bidzinski et al., 2014) , and MLO7 was implicated in pollen tube reception in synergid cells (Kessler et al., 2010) . Moreover, an Arabidopsis mlo2 mlo6 mlo12 triple mutant exhibits untimely leaf senescence, suggesting a function for these MLOs within the senescence program (Consonni et al., 2010) .
In the present study, we report that Arabidopsis MLO2 possesses an important role in plant immunity by acting as an essential component of systemic acquired resistance. The expression of the MLO2 gene, which is promoted by SA signaling, is induced systemically in the foliage following a localized leaf inoculation with SAR-inducing P. syringae bacteria (Figure 2) . Importantly, and in contrast to the Col-0 wild type, several independent mlo2 mutant lines are not capable to systemically increase resistance to bacterial infection in response to 1°leaf inoculations with virulent or avirulent P. syringae, demonstrating a necessary function for MLO2 in the establishment of SAR (Figure 1) .
Systemic acquired resistance (SAR) is an inducible immune program that protects the entire plant foliage against future infections by a wide spectrum of (hemi-) . Systemic defense priming triggered by Pseudomonas syringae pre-inoculation is compromised in mlo2. The priming of systemic acquired resistance (SAR)-related defense responses in Col-0 and mlo2-6 plants was assayed by the following experimental suite: an inductive Psm inoculation or mock (MgCl 2 ) treatment in three lower 1°leaves was followed by a Psm-challenge or mock-treatment of three upper 2°leaves 48 h later. This yielded four treatment combinations: 1°mock/2°mock, 1°mock/2°Psm, 1°Psm/2°mock and 1°Psm/2°Psm. Defense responses in 2°leaves were assessed 10 h after the second treatment. Plants were defined as 'primed' for a particular defense response if the response values for the 1°Psm/2°Psm treatment were significantly larger than the response values of the 1°mock/2°Psm, 2°Psm/1°mock and 1°mock/2°mock treatments (P < 0.05, ANOVA and post-hoc Tukey's HSD test). A full list of P values of the statistical analyses is given in Table S2 . If priming was activated by the above definition (as indicated above the response bars for a genotype), a 'priming response gain (prgain)' was calculated as a quantitative measure for the strength of priming, and is given in parenthesis. The prgain value for a plant genotype positively correlates with the degree of priming of a particular response. Data represent means AE SDs of at least three biological replicates. The experiment was repeated once with similar tendencies. biotrophic phytopathogens (Fu and Dong, 2013) . This whole-plant response is associated with an information transfer from inoculated 1°leaf tissue to distant 2°leaf tissue (Figure 8 ). Several plant metabolites and proteins have been implicated in this long-distance signaling process (Shah and Zeier, 2013) . Decisive events in the activation of SAR in 2°leaf tissue are the systemic accumulation of the two SAR metabolic signals Pip and SA (Attaran et al., 2009; N avarov a et al., 2012) . We previously proposed an amplification mechanism in 2°leaf tissue in which Pip intensifies the long-distance signal information derived from inoculated 1°leaves (Figure 8 ). This includes a feedback loop in which accumulating Pip triggers its own biosynthesis via the upregulated expression of ALD1 (Figure 6b; N avarov a Zeier, 2013) . SAR induction also requires the monooxygenase FMO1 downstream of Pip, which, like ALD1-mediated Pip generation, is necessary for the systemic accumulation of ICS1-generated SA (Wildermuth et al., 2001; Song et al., 2004; Mishina and Zeier, 2006; Attaran et al., 2009; N avarov a et al., 2012) . A recent study demonstrates that FMO1 hydroxylates Pip to the SAR-inducing derivative N-hydroxypipecolic acid (Hartmann et al., 2018) . In the course of SAR establishment, SA amplifies Pip-initiated responses to different extents. Consequently, a predominant Pip-and SA-dependent and a minor Pip-dependent and SA-independent pathway contribute to SAR activation . Both pathways essentially require the function of NPR1 for the induction of defense gene expression and the proper establishment of SAR (Figures 5 and 6; N avarov a Bernsdorff et al., 2016) . A model that summarizes these early SAR signaling events culminating in defenserelated gene expression and resistance activation in 2°l eaves is illustrated in Figure 8 . Other molecular players not explicitly depicted in Figure 8 , but nevertheless essential for these stages of SAR signaling, include PAD4, EDS1 and SAR-DEFICIENT 1 (SARD1), in combination with CAL-MODULIN-BINDING-PROTEIN 60G (CBP60 g). Notably, mutational defects in ALD1, FMO1, ICS1, NPR1, PAD4, EDS1 or SARD1/CBP60 g either fully abolish or severely compromise Pip and SA accumulation, and enhance defense-related gene expression in 2°leaf tissue (Mishina and Zeier, 2006; Attaran et al., 2009; Zhang et al., 2010; Jing et al., 2011; Rietz et al., 2011; Wang et al., 2011;  Figure 8 . Simplified scheme that illustrates the proposed role of MLO2 in the establishment of systemic acquired resistance in Arabidopsis. Systemic acquired resistance (SAR) can be formally divided into distinct steps, which include the induction of the response in the inoculated (1°) leaf, long-distance communication between 1°inoculated and distal non-inoculated (2°) leaf tissue, and signal amplification in 2°leaves that culminates in SAR gene expression. Early signal amplification in 2°leaves requires ALD1-mediated pipecolic acid (Pip) accumulation, FMO1-catalyzed hydroxylation of Pip to N-hydroxypipecolic acid, ICS1-derived salicylic acid (SA) biosynthesis and NPR1. These early signaling events have a self-amplifying character because they mediate the increased production of the signal metabolites Pip and SA. Pip and SA signaling culminate in full SAR transcriptional reprogramming. As a consequence, systemic immunity is enhanced and plants are protected towards future pathogen challenge. In addition, SAR-induced plants are primed to more effectively activate defense responses in the course of a future attack. MLO2 functions at a remarkably late stage of SAR signal transduction. Mlo2 mutant plants are able to induce local defenses in 1°inoc-ulated tissue, to increase the levels of Pip and SA in 2°tissue, and to activate SAR gene expression in the 2°tissue, but are impaired in SAR-associated elevation of disease resistance. Furthermore, the induction of SAR gene expression but not the induction of resistance by exogenous Pip and SA is intact in mlo2. This indicates that MLO2 is not involved in SAR induction, long-distance communication or in the early amplification events in 2°tissue. Rather, MLO2 functions downstream of SAR-associated transcriptional reprogramming, and is required to translate elevated SAR gene expression into disease resistance. Moreover, MLO2 is involved in the systemic priming response following inoculation with P. syringae. Enhanced basal levels and inducible over-production of immune-regulatory metabolites and defense-related gene transcripts in mlo2 also suggest negative modulatory roles of MLO2 on defense signaling processes involved in basal immunity and SAR. [Colour figure can be viewed at wileyonlinelibrary.com].
N avarov a et al., 2012; Gruner et al., 2013; Breitenbach et al., 2014; Sun et al., 2015; Bernsdorff et al., 2016) . This suggests that these SAR players closely cooperate in intertwined signaling processes to activate the SAR transcriptional response and the subsequent systemic disease resistance (Figure 8) .
What is the role of MLO2 in this SAR regulatory network (Figure 8) ? Roles for MLO2 in SAR initiation at the site of inoculation, in long-distance communication and in early signaling events in 2°leaf tissue seem unlikely. Firstly, mlo2 mutants are able to induce defense responses, such as the accumulation of Pip, SA and camalexin in inoculated leaves, to a similar degree as in the wild type (Figure 3) . Secondly, mlo2 mutants strongly elevate the levels of Pip and SA in distant 2°leaves upon the inoculation of 1°l eaves (Figure 4a) . Finally, the expression of SAR-related genes such as ALD1, FMO1, ICS1, PR1 and PAD4 in the 2°l eaves of the mlo2 mutants is significantly enhanced after the inoculation of 1°leaves (Figure 4b ). This shows that 2°l eaves of mlo2 are able to respond to an inducing stimulus received from inoculated 1°leaves, and that the aforementioned amplification mechanism that allows strong defense-related gene expression in untreated 2°leaf tissue is still active in mlo2. This is an exceptional feature of mlo2 mutants, as, to our knowledge, no other SAR-defective mutant with the potency to strongly enhance SAR-regulatory metabolite levels and SAR gene expression in 2°l eaves has yet been described. To some extent, SAR-compromised mutants defective in the Mediator subunit gene MED16 share this feature because they accumulate SA to wild-type-like levels in 2°leaf tissue. In contrast to mlo2, however, they fail to systemically enhance defense-related gene expression .
Our findings therefore indicate a function of MLO2 in SAR execution downstream of the systemic induction of SAR-related gene expression, which requires the closely intertwined, early signaling modules ALD1/Pip/FMO1, ICS1/ SA and NPR1 (Figure 8 ). This is supported by two other data sets in our study. Firstly, mlo2 mutants respond to SA application with a strong increase of PR1 expression; however, they are incapable of establishing SA-induced disease resistance to P. syringae ( Figure 5 ). Secondly, mlo2 is able to respond to exogenous Pip application with a strong activation of ALD1 and PR1 expression ( Figure 6a, b) ; however, in analogy to the SA response, the resistance induction observed after Pip application in the wild type is severely compromised in mlo2 (Figures 6c, d and S5 ). SAand Pip-induced defense gene expression and activation of disease resistance is absent in npr1 single as well as in mlo2 npr1 double mutants, indicating that MLO2 acts downstream of the NPR1-mediated expression of defenserelated genes in the induction of resistance (Figure 6b, c) . MLO2 therefore appears to function separately from the earlier SAR signaling modules described above, and acts at a remarkably late stage in SAR signal transduction, i.e. downstream of the transcriptional response within the systemic 2°leaf tissue (Figure 8 ). In this context, the results of the biological SAR experiments together with the results of the chemical treatments indicate that MLO2 is required to translate transcriptional immune responses into the induction of resistance (Figures 1, 3 , 4, 5, 6 and 8) .
Systemic acquired resistance (SAR) is associated with a direct systemic mobilization of defense responses, which include enhancements of Pip and SA levels and the expression of a battery of defense-related genes in uninfected foliage. In addition, SAR systemically primes plants to activate defenses in a stronger and timelier fashion when facing a subsequent infection (Jung et al., 2009; N avarov a et al., 2012) . In Arabidopsis, the SAR-associated defense priming response fully depends on a Pip/FMO1 signaling module that is assisted by ICS1-derived SA (N avarov a et al., 2012; Bernsdorff et al., 2016) . In the current study, we have monitored SAR-associated defense priming by measuring the extent of early defense responses during a challenge infection of SAR-induced and non-induced Col-0 and mlo2-6 plants (N avarov a et al., 2012; Bernsdorff et al., 2016) . Whereas wild-type plants pre-treated with P. syringae were systemically primed for the enhanced expression of PR1, ARD3, ALD1, FMO1 and SAG13, and for the accumulation of the phytoalexin camalexin, defense priming was absent or strongly impaired in mlo2 (Figure 7 ), indicating that MLO2 is an important molecular component of the SAR-associated defense priming phenomenon. Consistent with this, the lack of a functional Mlo gene in barley attenuated the protective action of the resistance-enhancing chemical and priming inducer benzo-(1,2,3)-thiadiazole-7-carbothioic acid S-methyl ester (BTH) towards infection by the fungus Magnaporthe grisea, even though a hyper-susceptibility phenotype of barley mlo to M. grisea was overcome by the application of BTH (Jarosch et al., 2003) . The requirement of MLO2 for executing defense priming might explain why specifically SAR and not basal resistance to bacterial infection is affected in mlo2, because the primed state is established in SAR-induced plants but not in naive plants.
Although mlo2 exhibited defects in acquired resistance following pathogen or defense hormone treatments, inducible accumulation of immune regulatory metabolites and defense gene transcripts was not impaired in the mutant. Yet, several defense responses were induced to higher levels in mlo2 than in the wild type (Figures 3a, b and 4a) . Moreover, exogenous treatment with Pip or with higher doses of SA resulted in the hyper-induction of PR1 gene expression (Figures 5 and 6 ). In addition, naive or mockcontrol mlo2 plants contained elevated basal levels of SA, Pip, camalexin and transcripts of various defense genes per se (Figures 3, 4, S3 and S4) . Similar tendencies for elevated basal SA and camalexin levels and for Golovinomyces orontii-induced SA accumulation in mlo2 have been reported previously (Consonni et al., 2010; Lorek et al., 2013) . Moreover, an age-related trend towards increasing leaf camalexin contents was found for mlo2 mlo6 mlo12 triple mutants (Consonni et al., 2010) . Therefore, MLO2 function appears to exert negative effects on the defense signaling processes involved in the generation of immune metabolites and the activation of defense gene transcription (Figure 8 ). The lack of barley Mlo also led to enhanced transcript accumulation of pathogenesisrelated genes upon powdery mildew challenge (Peterh€ ansel et al., 1997), indicating that barley Mlo and Arabidopsis MLO2 share this negative modulatory function. The elevated levels of immune-related metabolites and defense gene transcripts in mlo2 leaves are reminiscent of several Arabidopsis mutants with constitutively activated defense and stunted growth, such as constitutive expresser of pathogenesis-related genes 5 (cpr5) or defense no death 1 (dnd1) (Bowling et al., 1997; Yu et al., 1998) . In contrast to cpr5 or dnd1, however, mlo2-5, mlo2-6 and mlo2-11 mutants neither show enhanced basal resistance to pathogens such as compatible P. syringae, or virulent isolates of the oomycete Hyaloperonospora arabidopsidis (Hpa), nor do they exhibit a severely dwarfed phenotype (Figure 1b, e; Consonni et al., 2006) . This again indicates that MLO2 is required for the translation of elevated defense responses into disease resistance.
The present study suggests some overlapping functions but also distinct differences between the involvement of closely related Arabidopsis MLO genes in SAR and powdery mildew susceptibility. In contrast to the required simultaneous disruption of all three homologous MLO2, MLO6 and MLO12 genes to achieve full powdery mildew resistance (Consonni et al., 2006) , the defect in MLO2 alone is sufficient for a full loss of the SAR response (Figure 1) . Nevertheless, the relative significances of the single MLO genes for SAR and mildew susceptibility appear similar, as MLO2 functions as an indispensable SAR component, MLO6 has a supportive but less critical role, and MLO12 is dispensable for the SAR response (Figure 1d ). By contrast, single defects in the different mlo genes had no effect on the basal resistance to P. syringae (Figure 1e ), indicating that the functions of MLO2 and MLO6 are required for P. syringae resistance only under inducing but not under basal conditions. A recent report suggests that the simultaneous defects in MLO2, MLO6 and MLO12 in the Arabidopsis mlo2 mlo6 mlo12 triple mutant can result in a moderate enhancement of disease susceptibility to P. syringae (Acevedo-Garcia et al., 2017) ; however, the wild type-like phenotype of mock-treated mlo2 mlo6 mlo12 mutants (Figure 1d) indicates that basal resistance to P. syringae is also not affected in the triple mutant under our growth conditions. Challenging but intriguing future tasks are to elucidate the molecular, cellular and biochemical modes of action of MLO2 in relation to its role in translating SAR-associated responses, such as elevated defense gene expression, into disease resistance. Endoplasmic reticulum (ER)-associated chaperones and components of the protein secretory pathway are important for both the extracellular secretion of PR proteins and for the activation of SAR to P. syringae infection (Wang et al., 2005) . In future it would be interesting to examine whether MLO2 was involved in the proper secretion of antimicrobial defense proteins into the apoplast, and thus required in a final step of antimicrobial defense mobilization in the extracellular space where bacteria reside and multiply. In this context, it would also be relevant to study whether SAR directed against phytopathogens with infection modes different to bacteria such as oomycetes or fungi was affected in mlo2.
The MLO proteins reside in the plasma membrane, and consist of an extracellular N-terminal domain, seven predicted transmembrane-spanning regions that are connected by extracellular and cytoplasmic loops and a cytoplasmic C-terminal domain (Devoto et al., 1999) . These structural features are reminiscent of G-protein-coupled receptors (GPCRs) of metazoans that bind to and mediate the transduction of extracellular signals into the cell interior. Metazoan GPCRs respond to ions, peptides and metabolites, including lipids, carbohydrates, nucleotides and amino acids (Isberg et al., 2015) . Is a SAR-promoting low-molecular-weight compound such as SA or Pip a possible ligand for MLO2? Although the resistance responses induced by exogenous SA and Pip are fully compromised and severely attenuated in mlo2 mutants, respectively, the induction of defense gene expression by each of the two immune signals is not (Figures 5 and 6 ). These findings argue against the notion that SA or Pip would be directly perceived by the MLO2 transmembrane protein. Considering the function of MLO2 in defense priming, it might be hypothesized that MLO2 binds and signals a priming-associated ligand specifically perceived in SAR-activated, primed plants. Furthermore, as the cytoplasmic, carboxyterminal region of MLO2 contains a conserved calmodulinbinding domain, and Ca 2+ has been implicated as a messenger in systemic immune signaling (Dubiella et al., 2013; Acevedo-Garcia et al., 2014) , Ca 2+ might provide a link between the function of MLO2 and SAR. The paradigm of metazoan GPCR signaling also includes the activation of an intracellularly associated heterotrimeric GTP binding protein (G protein) (Rasmussen et al., 2013) . Although recent data were inconsistent with a function of MLO proteins as canonical GPCRs during powdery mildew infection, mutations in genes encoding the Arabidopsis heterotrimeric G protein b (AGB1) and c (AGG1/AGG2) subunits resulted in partially compromised mlo2 mildew resistance (Lorek et al., 2013; Acevedo-Garcia et al., 2014) .
Whether G proteins are involved in the now-identified MLO2-associated function in SAR is another relevant question for future studies.
CONCLUSIONS
This study demonstrates that MLO2 has a critical function for the execution of SAR to bacterial infection in Arabidopsis, and therefore possesses an integral role in the plant immune system. This might explain why MLO2, albeit contributing to powdery mildew susceptibility (Consonni et al., 2006) , had been evolutionarily retained in the Arabidopsis genome. MLO2 acts at a remarkably late stage in the SAR signal transduction pathway, and is required for the translation of the transcriptional SAR response, which is orchestrated by the metabolic signals Pip and SA , into the final induction of resistance (Figure 8 ). Addressing the question of how MLO2 realizes its function in acquired resistance at molecular, cell biological and physiological levels is an intriguing task for future research.
EXPERIMENTAL PROCEDURES Plant growth and origin of seeds
Arabidopsis thaliana was grown in a mixture of soil, sand and vermiculite (8:1:1) under controlled environmental conditions, as detailed previously (Hartmann et al., 2017) . Growth conditions included a relative humidity of 60%, a 10-h light period (100 lmol m À2 s À1 photon flux density from 09:00-19:00 h) at 21°C, and a 14-h dark period at 18°C. Five-week-old plants were used for the experiments.
The T-DNA insertion line Salk_050191 (mlo2-6; Consonni et al., 2006) and other lines listed in Table S1 originate from the European Arabidopsis Stock Centre (NASC; http://arabidopsis.info). Homozygous individuals of these lines were identified by PCR (Alonso et al., 2003) , using the T-DNA left border and gene-specific primers listed in Table S3 . Other mlo-related Arabidopsis lines were also obtained from NASC: mlo2-5, mlo2-11, mlo6-2 (mlo6), mlo12-1 (mlo12), mlo2-5 mlo6-2 mlo12-1 (mlo2 mlo6 mlo12), mlo2-11 npr1-1 (mlo2 npr1) (Consonni et al., 2006 (Consonni et al., , 2010 . Additional Arabidopsis mutants used in this study are outlined in Stahl et al. (2016) : ald1, fmo1, sid2-1 (sid2), pad4-1 (pad4), npr1-2 (npr1; NASC ID N3801), coi1-35 (coi1). Arabidopsis accession Col-0 is the background line for all of the mutants.
Bacterial cultivation and inoculation of plants
Pseudomonas syringae pv. maculicola strain ES4326 (Psm), Psm expressing the avirulence gene avrRpm1 (Psm avrRpm1) and Psm carrying the Photorhabdus luminescens luxCDABE operon (Psm lux) were cultivated at 28°C in King's B medium as described previously (Zeier et al., 2004; Fan et al., 2008; Hartmann et al., 2017) . For leaf inoculations, overnight cultures were processed by three washing steps in 10 mM MgCl 2 solution, diluted to different final optical densities at 600 nm (OD 600 ) and syringe-infiltrated into the abaxial sides of leaves (Zeier et al., 2004) .
Basal resistance and SAR assays
To determine plant basal resistance, Psm lux at an OD 600 of 0.001 was infiltrated into three mature leaves of naive plants between 10:00 and 11:00 h (Hartmann et al., 2017) . The bacterial growth was assessed 2.5 days later by measuring the bioluminescence of Psm lux in equal leaf discs (d = 12 mm, one per inoculated leaf) for an average of 11 s after a 6-s delay with a Sirius FB12 luminometer (Berthold Detection Systems, http://www.titertek-berthold.com) and transparent polystyrene tissue culture dishes (d = 35 mm). Bacterial luminescence was expressed as relative light units (rlu) per cm 2 leaf area. Rlu values positively correlated with colonyforming units (cfu), as determined by traditional bacterial growth assay with plating ( Figure S1 ; Zeier et al., 2004; Fan et al., 2008) . In general, at least 18 replicates per treatment and genotype were assessed and the resulting values statistically analyzed.
For the determination of SAR, the growth of Psm lux was assessed and quantified in three upper leaves (2°) of pre-treated plants as described above. The plants were pre-treated by an infiltration of Psm or Psm avrRpm1 at an OD 600 of 0.005, or a 10 mM MgCl 2 solution (mock-control treatment) into three lower (1°) leaves 2 days before the challenge-inoculation of 2°leaves with Psm lux (OD 600 = 0.001) was performed.
Determination of defense responses and priming
To determine local and systemic defense responses, bacterial suspensions of Psm or Psm avrRpm1 at an OD 600 of 0.005 were infiltrated into 1°leaves. As a control treatment, a 10 mM MgCl 2 solution was infiltrated instead. The treated 1°leaves or untreated 2°leaves were sampled at different times after treatment, fresh weights were determined and the samples were frozen in liquid nitrogen. For each replicate sample, six (two) leaves from six (two) different plants were pooled for metabolite (gene expression) analyses.
In order to assay SAR-associated defense priming, plants were first SAR-induced by inoculating three lower 1°leaves with Psm (OD 600 = 0.005) or mock-treated by the respective 10 mM MgCl 2 treatment of 1°leaves. Two days later, three upper 2°leaves were either challenged by infiltration with Psm (OD 600 = 0.005) or mocktreated. The treated 2°leaves were collected 10 h later for metabolite or gene expression analyses (N avarov a et al., 2012; Bernsdorff et al., 2016) .
values of a reference gene encoding polypyrimidine tract-binding (PTB) protein 1 (At3 g01150), which is non-responsive to biotic stress treatments (Czechowski et al., 2005;  Table S4 ).
Determination of defense metabolites
Free SA, total SA and camalexin levels in leaves were determined by applying a vapor-phase extraction-based workup procedure of leaf extract samples, and subsequent gas chromatography-mass spectrometry (GC-MS) analysis, as detailed in Hartmann et al. (2017) . Leaf pipecolic acid levels were determined with propyl chloroformate-derivatized leaf extract samples followed by GC-MS analysis as described in detail in N avarov a et al. (2012) .
Statistical analyses
Generally, representative experimental data sets consisting of a minimum of three biological replicates for metabolite analyses, three or more biological replicates for qPCR analyses, and a minimum of 15 biological replicates for luminescence-based bacterial growth assays are shown. Values for biological replicates in qPCR analyses represented the means of three technical replicates. The results presented were confirmed in at least three independent experiments, unless otherwise stated.
Regarding SAR and basal resistance assays, metabolite determination and gene expression analyses, statistically significant differences between samples were assessed by analysis of variance (ANOVA) using R 3.3.2 (https://www.r-project.org). ANOVA with type-II sum of squares was performed with the command 'aov (Phenotype~Treatment + Genotype + Treatment * Genotype, data = object1)' (object1 representing the data table), and subsequent post-hoc Tukey's honest significant difference (HSD) test . Statistical differences for the pairwise comparison of mock-and pathogen-treated samples (Figure 2a) or naive wild-type and mutant samples (Figures S3 and S4) were assessed using a two-sided Student's t-test.
As to the priming assays (Figure 7 ), plants were defined as 'primed' for a particular defense response when the response value of the 1°Psm/2°Psm treatment was significantly larger (P < 0.05) than the response values of 1°mock/2°Psm, 2°Psm/ 1°mock and 1°mock/2°mock treatments . Statistical significance was assessed by ANOVA on response data from three biological replicates using R, the command 'aov (Phenotype~Treatment1 + Treatment2 + Genotype + Treatment1 * Treatment2 + Treatment1 * Genotype + Treatment2 * Genotype + Treatment1* Treatment2* Genotype, data = object1)' (object1 representing the data table), and subsequent post-hoc Tukey's HSD test.
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